The influence of the pure spin current injection on a domain wall nucleation process in a magnetic wire is investigated by using the nonlocal spin injection technique. The pure spin current injection is found to assist the domain wall nucleation. The spin current responsible for nucleating the domain wall in the nonlocal configuration is comparable to the threshold spin current for the domain wall displacement in the direct current injection. The bias-field dependence of the switching current shows a complicated behaviour. This may be related to the detailed domain structure in the vicinity of the domain wall.
Introduction
Spin current injected into ferromagnets induces torque due to spin-angular-momentum transfer [1, 2] . This is known as a spin torque which is now employed to switch the magnetization of a nanoscale ferromagnet in a unit cell of spintronic devices [3] . Domain wall manipulation by using spin torque has also drawn much attention because of its potential for future spintronic devices as well as novel spin-related physics [4] [5] [6] [7] [8] . In a magnetic nanowire, a domain wall is known to be driven along the electron (spin current) flow. However, recently, rather complicated motions of the domain wall have been observed [9, 10] . Although the mechanism responsible for this phenomenon is a spin torque, we have to take into account other undesirable effects. In most of the experiments, the spin current is produced by flowing the charge current directly in the magnetic structure. The charge current induces Joule heating, which complicates the theoretical and numerical analyses as well as the Oersted field, which also affect the domain structures [11, 12] . Therefore, the situation that only spin current flows in a domain wall is more suitable for studying the spin torque on the domain wall. The nonlocal spin injection technique proposed by Johnson and Silsbee [13] , which has recently been developed by Jedema et al [14] , enables us to pick up only spin current from the spin-polarized charge current [15] . Here, we study the domain wall nucleation and propagation processes under the pure spin current produced by the nonlocal spin injection.
Experimental
The lateral spin injection device used for this study is fabricated on a thermally oxidized Si substrate by means of the conventional lift-off techniques. Figure 1(a) shows the scanning electron microscope (SEM) images of a fabricated device. The device consists of a large Permalloy (Py) pad (injector) 1 µm in width and 30 nm in thickness, a T-shaped Cu wire 200 nm in width and 100 nm in thickness and a Py wire 100 nm in width and 30 nm in thickness. The distance from the injector to the Py wire is 400 nm, which is much shorter than the spin diffusion length for the Cu wire 1.5 µm at 77 K [16] . We note here that the dimensions of the Py injector and the Cu wires are chosen large so that the pulsed charge current with a duration of 1 µs up to 30 mA can flow through them. Py layer is grown using an electron beam evaporator with a base pressure of 2 × 10 −9 Torr. The Cu wires are evaporated by a resistance heating evaporator with a base pressure of 3 × 10 −8 Torr. The interface between the Py and Cu is well cleaned by Ar-ion milling prior to the Cu deposition. Very low resistance of the interface assures good Ohmic contact. The distance between the Py injector and the Py wire is 400 nm. The resistivities of the Py and the Cu wires are, respectively, 9.7 µ cm and 1.1 µ cm at 77 K. The sample was cooled by immersing the sample holder directly into liquid nitrogen. All the measurements are performed at 77 K by using the conventional lock-in technique.
In a ferromagnetic narrow wire, the magnetization reversal starts from the nucleation of a domain wall at the edge of the wire [17] . After the nucleation, the domain wall propagates in the wire immediately. Since the nucleation field is much larger than the propagation field, the switching field of the magnetic wire is determined by the nucleation field. This implies that the spin current injection into the wire edge reduces the switching field of the magnetic wire. Therefore, we choose the edge of the Py wire as the position for the junction between the Py wire and the Cu probe.
Results and discussions
To begin with, the nonlocal spin-valve (NLSV) measurement is performed in order to confirm that the spin current injected from the Py injector reaches the Py wire. Figure 2 (a) shows the NLSV signal with the inset of the measurement probe configuration. A clear spin signal of 0.4 m is observed. Here, the resistance changes at 100 and 600 Oe correspond to the relative magnetic switching of the Py injector and particle, from parallel (P) to anti-parallel (AP) states and vice versa, as shown in figure 2(b) . This result proves that the spin current from the Py injector is really injected into the Py wire.
We examine the effect of nonlocal spin injection on the domain wall nucleation process. Before performing the nonlocal spin injection, the magnetization configuration is set in the AP configuration by controlling the external magnetic field. The nonlocal spin injection is performed by applying large pulsed currents up to 25 mA with the same current probes for the NLSV measurement. Here, the current pulse is a rectangular shape with a duration of 1 µs. As shown in figure 1(b) , in the present probe configuration, nonlocal spin injections by the negative and positive currents produce the spin currents P and AP to the Py injector, respectively. After the nonlocal spin injection, the NLSV signal is successively measured to determine the magnetic state of the Py wire. In this way, the NLSV signal after the nonlocal spin injection as a function of the amplitude of the pulsed current is obtained.
First, we perform the nonlocal spin injection in the absence of the magnetic field. The magnitude of the pulsed current is increased from zero to 25 mA and to −25 mA. However, as shown in figure 3(a) , no signal change is observed. This is because the spin torque induced by the nonlocal spin injection is generated only in the vicinity of the junction between the Cu and Py wire. In order to reverse the magnetization, the domain wall has to propagate into the wire. Therefore, we apply a bias field P to the Py wire in order to assist the domain wall propagation. Figure 3(b) shows the result on applying the bias field of 350 Oe. When the current increases positively, no signal change is observed. On the other hand, when the current increases negatively, the NLSV signal becomes positive abruptly at −22 mA. Here, the change in the resistance is 0.4 m , which is the same as the resistance change from AP to P in the NLSV measurement. Therefore, the observed abrupt change in figure 3(b) corresponds to the switching of the Py wire.
In the present measurement, there is another equivalent AP state in which the magnetization of the Py injector directs towards the left, as illustrated in the inset of figure 3(c). We also find that another AP state similarly transforms to the P state by the negative current injection on applying the negative bias field of −350 Oe, as shown in figure 3(c) . In the probe configuration for the nonlocal spin injection, the charge current flowing in the Cu probe induces the Oersted field. The induced Oersted field is normal to the substrate and can be estimated as 150 Oe at 30 mA, which is much smaller than the demagnetizing field of nearly 1 T. Therefore, we can exclude the possibility that We study the bias-field dependence of the switching current. Figure 4 shows the spin signal after the pulsed current injection as a function of the negative current for the various bias fields in the range from 300 to 600 Oe. According to previous studies on the bias field dependence of the threshold or switching current, the current decreases with increasing bias field. However, as shown in figure 4 , the bias-field dependence of the switching current in the present measurement is not the expected change but is rather complicated. Moreover, even in the fixed bias field, the switching current has a variation. For example, as shown in figure 5(a) , in one measurement with the bias field of 400 Oe, the magnetization switching by nonlocal spin injection is observed. However, in another measurement with the same bias field in figure 5(b) , the magnetization switching is not induced. In order to explain the complicated behaviours, we take into account a detailed domain structure before nucleating a domain wall. Several kinds of domain walls are known to exist in the magnetic wire [6, 9, 10] . We simply study the induced torque on two-type domain walls, which are well observed in the magnetic wire. One is a transverse wall shown in the inset of figure 5(a) . Here we note that, in the present configuration, the spin current is injected normal to the junction. In this case, the torque induced by the spin current injection effectively pushes the domain wall into the wire, consequently the nonlocal injection reverses the magnetization of the Py wire. The other one is a vortex-type wall. In this case, the induced torque pushes the domain wall not into the wire but into the side edge of the wire, as shown in the inset of figure 5(b) . Therefore, the magnetization of the Py wire cannot be reversed by the nonlocal spin injection. According to the micromagnetic simulation, since the width of the present Py wire is 100 nm, a transverse-type wall should be more stable than the vortex-type wall. However, as shown in figure 4 , we observe the no switching behaviour frequently. The surface cleaning by the Ar-ion milling may affect the nucleation mechanism of the domain wall.
Finally, we estimate the magnitude of the injected spin current into the Py wire in the AP state. When we inject a pulsed current with an amplitude of I amp , the injected spin current I Sinj into the Py particle can be calculated as [15] 
Here, R NLSV and α Py are the spin signal and spin polarization for the Py, respectively. R Py S is a spin resistance for the Py wire, which is defined by ρ Py λ Py /(S(1 − α Py 2 )). Here, S is the effective cross section for the spin current flowing in the Py and, in this case, corresponds to the junction size between the Py wire and the Cu probe because of the short spin diffusion length of the Py [16] . The experimental parameters ρ Py = 9.7 µ cm, λ Py = 4 nm, α Py = 0.2 and S = 100 × 100 nm 2 , which are obtained from our previous experiments [16] , yield the spin resistance for the Py wire of 0.08 . From equation (1), we obtain the relation I Sinj = 0.025I amp . Since the typical switching current is 20 mA as in figure 4 , we can estimate the critical pure spin current density for the switching as 0.5 mA/(100 nm) 2 = 0.5 × 10
11
A cm −2 . The value is compared with the threshold current for the domain wall displacement in the direct current injection experiment. Threshold current in the direct experiments on Py wires under dc or pulse current is mostly of the order of 10 11 A cm −2 [5, 6, 7, 8, 9] . The threshold spin current density is given by the product of the current density and the spin polarization, which is in the range from 0.2 to 0.5. Thus, the threshold spin current density in the direct experiment is comparable to the present nonlocal result.
Conclusions
We study the influence of the pure spin current induced by the nonlocal spin injection on the domain wall nucleation process. The injection of the spin current AP to the magnetization of the magnetic wire is found to reduce the switching field of the magnetic wire because of the spin-transfer effect. The spin current density responsible for the switching is comparable to the threshold spin current density in the conventional direct current injection experiment. The dependence of the switching current on the bias field shows a complicated behaviour. To clarify this, the analysis of the detailed domain structure at the edge of the Py wire is required.
